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In this study, we have fabricated high performance low
temperature solid oxide fuel cells (LT-SOFCs) with both acicular
anodes and cathodes with thin Gd-doped ceria (GDC) electrolyte
film. The acicular Ni-Gd0.1Ce0.9O22d (Ni-GDC) anode was
prepared using freeze drying tape casting, while the hierarchically
porous cathode with nano-size Sm0.5Sr0.5CoO3 (SSC) particles
covering an acicular GDC skeleton was prepared by a combination of freeze drying tape casting and self-rising approaches. The
acicular electrodes with 5–200 mm pores/channels enhance mass
transport, while SSC particles of about 50 nm in the cathode
promote electrochemical reactions. Cells which have this novel
electrode architecture show a significantly high power output of
1.44 W cm22 and an extremely low cell polarization resistance of
0.0379 V cm2 at 600 uC.
The solid oxide fuel cell (SOFC) is one of the most promising
techniques for next generation power systems due to its high
efficiency and low emissions.1 However, the high cost of current
SOFC systems is hindering wide-spread commercial applications.
The cost can be dramatically reduced by decreasing the SOFC
operating temperature to 400–600 uC, which would expand the
choice of materials and stack configurations and reduce the
corrosion rate of the stack and system components.2 Two key
obstacles to achieving high performance LT-SOFC are the high cell
ohmic resistance and polarization resistance. Lowering cell ohmic
resistance has been achieved through the application of a thin
electrolyte with high ionic conductivity in this study. Ceria based
compound, such as GDC (Gd0.1Ce0.9O22d), have been regarded as
the most promising electrolyte for LT-SOFCs, due to its much higher
ionic conductivity (about 0.025 S cm21 at 600 oC3) compared to that
of yttria stabilized zirconia (YSZ). However, the GDC electrolyte
film fabrication process is often complicated and expensive, limiting
the development of LT-SOFC.4,5 For more economical fabrication
of dense GDC film, we are applying a simple and cost effective dropcoating and co-firing method. In this process, an acicular anode
supported cell with GDC dense electrolyte film and a GDC skeleton
a
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can be formed in a single co-firing step. In order to reduce the cell
polarization resistance, we have applied novel electrode architecture
to enhance the cell performance. Tailoring the microstructure to
enlarge the length of triple phase boundary (TPB, where gas,
electronic-conducting phase and ionic-conducting phase meet) is a
commonly applied strategy in the fabrication of high performance
electrodes. It has been reported that nano-sized oxides have
enhanced catalytic properties due to their increased surface active
sites and effective conductivities.6–10 Furthermore, both experimental
results and the modelling studies have indicated that a nanostructured electrode is an ideal microstructure, taking the advantages
of both high electro-catalytic activity and extended TPB length.11–17
The commonly used technique to prepare nano-structured electrodes
is infiltration/impregnation,18,19 which allows the formation of nanoparticles and the desirable catalyst phase at a much lower firing
temperature than the traditional fabrication process. For example, in
the mechanical mixing process, a Sm0.5Sr0.5CoO3-GDC (SSC-GDC)
composite cathode is often prepared at 1000 uC for 4 h,20 whereas in
the infiltration process, 800 uC for 1 h is adequate for the deposition
of SSC nano-particles on the Sm-doped ceria (SDC) backbone.21
The characteristics of the nano-particles can be preserved at low cell
operating temperature, which is beneficial for the maintenance of
high catalytic activity and extended TPB length.
The self-rising approach, which is an extension of the combustion
synthesis method, has recently been developed in our group for the
preparation of nano-crystal aggregates for SOFCs.10,22 Organic
materials such as P123 and urea have been used as fuel, which
generates heat and large amount of gases to form extremely loose
nano-crystals with high BET (Brunauer–Emmett–Teller) surface area
during the combustion process. However, the solution for the selfrising process is much thicker (due to the presence of P123
surfactant) than for the traditional infiltration/impregnation process.
Moreover, the electrode skeleton prepared by screen-printing and
subsequent firing of a ceramic ink is not suitable for infiltration/
impregnation by the self-rising solution, due to the low porosity and
high tortuosity of the electrode skeleton and the high viscosity of the
self-rising solution. In addition, the screen-printed skeleton would be
broken by the formation of large amounts of gases during heating up
of the self-rising solution. Recently, a novel freeze drying tape casting
process has been developed to fabricate acicular electrodes in solid
oxide fuel cells.23–25 Continuously graded acicular pores/channels
with micron-scale pore sizes can be achieved through this technique,
which are very useful for gas delivery in the electrodes. The electrode
This journal is ß The Royal Society of Chemistry 2012
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pores/channels can even be preserved after calcination at 1450 uC.
The thick solution from the self-rising approach can readily pass
through the acicular macro pores/channels without the requirement
of vacuum in the infiltration/impregnation process.
Here, we report a high performance LT-SOFC possessing a novel
electrode architecture with an acicular Ni-GDC anode, prepared
using freeze drying tape casting, and a hierarchically porous cathode,
comprised of nano SSC particles covering an acicular GDC skeleton
,prepared by freeze drying tape casting and self-rising approaches.
Button single cells, consisting of an acicular NiO-GDC (6 : 4 in mass
ratio) as the anode, thin GDC film as the electrolyte and an acicular
GDC skeleton covered by nano SSC particles as the composite
cathode, have produced a power density of 1.44 W cm22 at 600 uC,
the highest cell power output produced by such materials. The
acicular anode and cathode facilitate fuel and oxidant delivery in
both electrodes and the nano SSC particles accelerate electrochemical
reactions in the cathode.
Water based NiO-GDC and GDC slurry with solid loading of 25
vol% and 15 vol%, respectively, were prepared with an ammonium
polyacrylate dispersant (Darvan C-N, R.T. Vanderbilt Co., Inc.,
Norwalk, CT), a thickener (Vanzan, R.t. Vanderbit Co., Inc.,
Norwalk, CT), and an acrylic latex emulsion binder system (Durmax
HA-12, Rohm &Hass, Philadelphia, PA). NiO and GDC powders
were weighed out in a ratio of 6 : 4 and then mixed with distilled
water, Darvan and Vanzan in a plastic bottle using a planetary
centrifugal mixer (Thinky mixer, ARE-310). The solid loading was
controlled at 25 vol%. The bottle was then sealed and heated in an
oven at 80 uC for 1 h. The mixing–heating cycle was repeated 4 times
before the slurry was ready to cast. Details of substrate preparation
can be found in our previous report.25 The GDC electrolyte slurry
was directly deposited on the green NiO-GDC substrate by dropcoating. GDC substrate was then laminated onto the GDC green
film surface. The NiO-GDC anode/GDC electrolyte film/GDC
cathode skeleton tri-layers were then co-fired at 1450 uC for 12 h,
with a heating rate of 1 uC min21 until the temperature reached 600
uC and at 2 uC min21 after this. Details of the SSC solution for selfrising can be found in our previous study.26 The cathode was
prepared by dropping SSC solution into GDC skeleton, followed by
drying in an oven at 80 uC for 10 h and then firing at 800 uC for 2 h.
This cycle was repeated 5–6 times until the mass ratio of SSC and
GDC was about 1 : 1. The SSC loading level can be determined by
measuring the weight difference after each cycle. For convenience,
the cell with acicular Ni-GDC anode and nano structured SSC
prepared by self-rising was denoted as Cell-SR. For comparison, an
acicular Ni-GDC supported cell with GDC thin film prepared by
drop-coating and traditional SSC-GDC composite cathode prepared
by screen-printing (denoted as Cell-SP) and a traditional porous NiGDC anode supported cell with GDC thin film fabricated by copressing the anode/electrolyte and SSC-GDC cathode fabricated by
screen-printing (denoted as Cell-CP) have also been prepared and
evaluated. SSC powders were prepared by a citric acid assisted
combustion method.27
The microstructure of the cells was characterized using a scanning
electron microscope (SEM, Zeiss Ultra plus FESEM). Fig. 1 (a)
shows the SEM images of the as-prepared single cell after
electrochemical performance measurement. The cell has a thick
acicular Ni-GDC anode layer, a thin dense GDC electrolyte layer
and a thick acicular SSC-GDC layer with thicknesses of about 600,
30 and 200 mm, respectively. The dense GDC electrolyte is well
This journal is ß The Royal Society of Chemistry 2012

Fig. 1 SEM images of a single cell with nano structured SSC (a), its
cathode and electrolyte (b), the bulk of the cathode (c) and the cathode area
adjacent to the electrolyte (d).

adhered to the electrodes. Fig. 1(b) shows a magnified image of the
cathode and electrolyte. Fig. 1(c) and(d) show images of the cathode
area in the bulk of the cathode and adjacent to the electrolyte,
respectively. It can be seen that nano SSC particles in these areas
display foam-like morphology and attach to the GDC skeleton or
the electrolyte very well. The presence of acicular pores in the
electrodes will facilitate mass transport to the TPB area, which will
decrease concentration resistance.17,25 Moreover, TPB length will be
significantly extended by the covering of nano SSC particles on the
GDC cathode backbone and the electrolyte, thus accelerating
electrochemical reactions and decreasing the activation resistance.18
The current density–voltage (I–V) curves, as well as the impedance
spectra, of the cells were measured by a four probe method using a
multi-channel Versa STAT (Princeton Applied Research) at an
operating temperature range of 500–600 uC. Humidified (3 vol%
H2O) hydrogen was used as the fuel while ambient air was used as
the oxidant. Hydrogen flow rate was controlled at 40 sccm (standard
cubic centimetres per minute) by a mass flow controller (APEX,
Alicat Scientific). Fig. 2(a) shows the cell voltage (V), current (I) and
power (P) density curves of the cell with a nano-structured SSC
cathode (Cell-SR) using hydrogen as fuel and ambient air as oxidant
at different operating temperatures. The open circuit voltages (OCV)
of the cell are 0.923, 0.900 and 0.868 V at 500, 550 and 600 uC,
respectively. These are lower than the cell Nernst potential, which
can be attributed to the minor electronic conduction of the GDC
electrolyte due to the reduction of Ce4+ in the reducing atmosphere.28
These OCV values are in good agreement with the OCV values of the
ceria-based electrolyte reported by others.17,20 The maximum cell
power densities are 0.522, 0.923 and 1.44 W cm22 at 500, 550 and
600 uC, respectively. The cell power output is much higher than the
two best performance LT-SOFCs previously reported for SSC or
SSC-SDC composite cathodes, in which peak cell power densities of
440 mW cm22 and 476 mW cm22 at 500 uC were obtained for cells
with similar electrode and electrolyte materials.13,29 It is worth
mentioning that the thickness of the electrolyte in these two previous
reports is around 10 mm, while it was about 30 mm in the present
work, further demonstrating the advantages of the electrode
architecture achieved in this study. The enhancement of cell power
output in this work can be attributed to the novel acicular electrode
microstructures and the nano-sized SSC catalyst. Fig. 2(b) shows
RSC Adv., 2012, 2, 12118–12121 | 12119
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Fig. 3 (a) Impedance spectra of Cell-SR tested at different temperature
under open circuit conditions and (b) comparison of polarization resistance
of Cell-SR, Cell-SP and Cell-CP operated at different temperature.

Fig. 2 (a) I–V and I–P curves of Cell-SR measured at different
temperatures using hydrogen as fuel (40 sccm) and ambient air as oxidant;
(b) Schematic view of Cell-SR, Cell-SP and Cell-CP and (c) Comparison of
I–V and I–P curves of Cell-SR, Cell-SP and Cell-CP measured at 600 uC.

schematic views of the three types of cells (Cell-SR, Cell-SP and CellCP) with different electrode architectures. Both the anode and the
cathode are conventionally sponge-like, porous microstructures in
Cell-CP. For Cell-SP, the anode is acicular, while the cathode is a
conventionally sponge-like microstructure. For Cell-SR, both the
anode and cathode are acicular, which is expected to significantly
facilitate mass transport. As shown in Fig. 2(c), Cell-SP and Cell-CP
only produce a cell power output of 0.732 and 0.402 W cm22 at 600
uC, respectively, under similar testing conditions. In addition, the cell
power output of Cell-SP obtained in this study is higher than those
12120 | RSC Adv., 2012, 2, 12118–12121

reported by others in which the anode was composed of similar
conventionally sponge-like microstructures and cell materials.22,29,30
Since the thicknesses of the electrolyte and cathode in Cell-SP and
Cell-CP are similar, the significant increase in the cell power output
in Cell-SP can be attributed to the acicular anode, in which both fuel
and product transport can be facilitated.
Fig. 3(a) shows the impedance spectra of Cell-SR measured at
different temperatures under open circuit conditions. The ohmic
resistance (Rohm), corresponding to the high frequency intercept of
the impedance spectra with the real axis in the Nyquist plot, is
0.1784, 0.1094 and 0.0718 V cm2 at 500, 550 and 600 uC, respectively.
Such a low ohmic resistance could be attributed to the increase in the
effective working area due to the presence of nano SSC particles at
the cathode/electrolyte interface.31 The polarization resistance (Rp)
determined from the difference between the high and low frequency
intercepts of the impedance spectra with the real axis is about 0.2802,
0.1002 and 0.0379 V cm2 at 500, 550 and 600 uC, respectively. This
Rp value is lower than our previous report for the nano network
SSC-SDC cathode (a polarization resistance of about 0.052 V cm2 at
600 uC),13 which is the lowest value ever reported for a SSC cathode.
Fig. 3(b) shows a comparison of Rp for Cell-SR, Cell-SP and Cell-CP
at different operating temperatures. Rp of Cell-SR has been greatly
decreased compared to that of Cell-SP and Cell-CP. For example, at
600 uC, Rp of Cell-CP and Cell-SP is 0.3995 and 0.2628 V cm2,
respectively, while Rp of Cell-SR is only 0.0379 V cm2. Considering
that both the composition and microstructure of the cathode are
identical, while the composition of the anode is also the same for
Cell-SP and Cell-CP, the difference in cell polarization resistance may
be attributed to the different anode microstructure. The acicular
pores/channels in Cell-SP are helpful for gas delivery. Similarly, for
Cell-SR and Cell-SP, due to the difficulty of separating anodic and
This journal is ß The Royal Society of Chemistry 2012
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cathodic polarization (Ra and Rc) from the total cell polarization
resistance (Rp),32 it is reasonable to consider that the change in Rp
comes mainly from the cathode. The acicular GDC skeleton with
macro channels facilitates oxygen diffusion and the nano-structured
SSC catalyst with high BET surface area accelerates electrochemical
reactions.
Employing electrodes with high porosity and low tortuosity leads
to a low polarization resistance and consequently enhanced cell
performance.17,25,33 For example, as reported by Suzuki,33 a cell with
a conventionally sponge-like anode (pores size of about 2 mm and
porosity of as high as 54%) showed a very high power density of over
1 W cm22 and Rp of 0.1 V cm2 at 600 uC, which can be attributed to
the improvement in the anode microstructure. Othman et al.
reported that a micro-tubular SOFC with finger-like pores demonstrated a high cell power output of 2.32 W cm22 and a total cell
polarization resistance, Rp, of only 0.025 V cm2 at 600 uC when the
finger-like pores occupied 70% of the anode thickness.17 These
studies highlight the significance of electrode architecture in SOFC
performance. The acicular electrode architecture obtained from
freeze drying tape casting from this work has gradient straight open
channels, beneficial to hydrogen or oxygen molecule diffusion to the
electrode/electrolyte interface as well as water vapour diffusion away
from the anode/electrolyte interface. Furthermore, the nanostructured SSC cathode catalyst obtained from the self-rising
approach in this study can significantly enhance the cathode
electrochemical performance.
In summary, a high performance LT-SOFC with novel electrode
architecture consisting of an acicular Ni-GDC anode and an acicular
GDC skeleton covered with nano SSC catalyst as the cathode has
been successfully prepared by freeze drying tape casting and selfrising approaches. This single cell demonstrates a notably high cell
power output and a significantly low cell polarization resistance. The
presence of acicular pores in the electrodes facilitates mass transport
while the nano SSC catalyst extends TPB length, thus accelerating
electrochemical reactions in the cathode. The novel electrode
architecture obtained in this study can be used for the development
of other high performance electrochemical devices for various
applications.
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